The relationships between river and lake phosphorus sensitivity, environmental drivers and catchment characteristics within the upper Olifants River and Lake Loskop were studied over a period of four years to come up with mitigation and management strategies. Using modified indices it was evident that the best strategy for improving the trophic state of Lake Loskop 2 was to drastically reduce the external nutrient loading coming from the upper Olifants River catchment. According to the lake phosphorus sensitivity index (LPSI) developed, Lake Loskop was phosphorus sensitive and will possibly respond to phosphorus reduction in its upper catchment. The river phosphorus sensitivity index (RPSI) developed showed that certain rivers and streams in the upper catchment of Lake Loskop were particularly sensitive to increases in phosphorus (P) loads. The substrate of these rivers and streams consisted of approximately 90% cobbles or bedrock and showed eutrophic conditions during low flow regimes. The increase in P loads in these streams stimulates the productivity and growth of periphyton dominated by filamentous green algae mats. On the other hand, a restriction of light penetration into the water column by high concentrations of inorganic suspended solids limited the growth of both benthic and planktonic algae in > 3 order streams dominated by sand or mud bottom substrates, thus making these streams less sensitive to high P loads.
Introduction
Freshwater in a semiarid country like South Africa is a strategic resource and river basins are the basic geographic units for water resource management (DWAF 2004) . However, anthropogenic modifications directly or indirectly influence running water ecosystems and have been identified as one of the greatest threats to freshwater resources in South Africa and Africa (De Villiers & Thiart 2007; Nyenje et al. 2010 ). The situation is aggravated by the fact that South Africa, along with Australia, has the highest regional variability of rainfall and runoff in the world (Hains et al. 1988) . The Olifants River (the English translation of the Olifants River is Elephant River) is one of the main river systems in South Africa. It has been described as one of the most polluted rivers in southern Africa, with Lake Loskop acting as a sink for nutients from the upper catchment of the Olifants River system (Oberholster et al., 2010) . Catchment management is rapidly being recognized as holding the key to the rehabilitation or protection of degraded lakes (Born 1979) . However, the question that arises is at what rate and to what extent the upper Olifants River system and Lake Loskop under study might recover following suitable restoration efforts? Previous studies indicated that implementation measures such as the reduction in nutrient fluxes may not necessarily result in an ecological change back to pre-impacted conditions (Jarvie et al. 2004 ). According to McDowell et al. (2004) , successful restoration and management of water bodies requires knowledge of the phosphorus sensitivity ofthe system and how it will respond to increases or decreases in P loads. Phosphorus sensitivity of rivers are determined by employing physical, chemical and biological processes which influence the transport, transformation and retention of nutrients during downstream transport. The development of phosphorus sensitivity indices are therefore developed to act as decision support tools for assessing river and lake phosphorus sensitivity classification to aid conservation planners and water managers in achieving the ultimate goal to manage and restore phosphorus impacted catchments by reducing high levels of phosphorus loads. Large river systems such as the Olifants River are composed of smaller interconnected sub-catchments, each characterised by longitudinal, vertical and lateral exchanges of water and materials. In such a system, planktonic (suspended in water column) algal biomass and nutrients will increase along the length of a river (Vannote et al. 1980 ). In the upper reaches of a river in first and second order streams, the planktonic algal biomass will not reach nuisance concentrations due to its short retention time (Correll 1998 ). However, if there exist long periods of hydraulic retention time between flood events (e.g. ≥ 100 days), eutrophic conditions (e.g. mat formation of benthic filamentous algae) can develop at low P concentrations of ≤ 0.5 µg l -1 (McDowell et al. 2004 ). The main sources of P for filamentous algae are accessed from the water column since they are mainly attached to river macrophytes or the bedrock substrate. Unavailable forms of P can be transformed into available forms through sediment interaction in rivers dominated by sand and mud bottom substrates. However, it is unlikely that in rivers with short retention times there will be sufficient time for breakdown processes to transform these forms of P (Hilton & Irons 1998) . Biggs (2000) reported that algal communities in oligotrophic streams tend to be dominated by both diatoms and filamentous algae, whereas in eutrophic streams communities tend to be dominated by only filamentous green algae as in the case of the Olifants River (Oberholster 2011a) . In large river catchments, lakes form an integrated part of the landscape and also reflect land use in these catchments. Major efforts have been made worldwide to improve the ecological quality of lakes by reducing external nutrient loading (Oberholster et al. 2007; Yang et al. 2008; Abell et al. 2010) . These efforts have often resulted in lower lake P and decreased chlorophyll a concentrations in the euphotic zone with higher light penetration. Publications from the 1970's and 1980's on South African lakes (Toerien 1977; Walmsley & Butty 1980; Thornton & Walmsley 1982; Taylor et al. 1984; Pillay 1994 ) assume implicitly or directly that P is the yield-controlling nutrient in South African lakes. The effects of nutrient control however, have not usually been so clear cut, particularly in shallow water bodies where interactions in the littoral zone are particularly important. There are many examples where nutrient control has had virtually no effect (Marsden 1989; Sas, 1989; Scheffer 1998) . The reason for the latter was due to compensatory internal sources of P in some cases and because of the importance of biological interactions in others. The objectives of this study were to: (1) Determine the sensitivity of the upper Olifants River catchment to increases in P loads using a variety of modified P sensitivity indices in combination with river characteristics and phytoplankton occurrence; (2) Identify both small and large order streams in the catchment that show evidence of eutrophication and therefore require mitigation of increased P loads; (3) Outline best management practices to reduce P loads of these rivers and streams; (4) Determine whether Lake Loskop has reached a threshold following increased P loads and if it will respond to a possible decrease in P load coming from the upper Olifants River catchment.
Materials and methods

Study sites in the upper Olifants River and Lake Loskop
The area covered by the upper Olifants River catchment measures 11,464 km 2 with a mean annual precipitation of 683 mm and a mean annual runoff of 10,780 Mm 3 (Midgley et al. 1994 ). The two main tributaries of the Olifants River are the Wilge and Small Olifants Rivers. It is a summer rainfall region and the vegetation consists of Highveld Grassland in the upper reaches of the catchment and mixed Bushveld and Thornveld (sub-tropical woodland ecoregion with Acacia and other thorny plants) in the lower reaches around Lake Loskop (Mucina & Rutherford 2006) . The river structure varies from a narrow channel with no definite riparian zone up to a 20-30 m wide channel with well-defined riparian vegetation.
Stream diversions do occurred as a result of agriculture and mining activities. These activities resulted in severe disturbance of riparian vegetation and an increase in erosion.
To determine the sensitivity to phosphate loads in the upper Olifants River catchment, Sampling of these sites was conducted over a period of two years during high and low flow regimes (Fig 1) . These sampling sites included a range of stream orders including lower orders (≤ 3) that function as the source of surface water and sediments for downstream reaches, and higher orders (≥ 4) that transport water and sediment along the main stem with no net gain or loss of materials. To limit the influence of possible longitudinal physical and biological pattern changes within each stream order, we selected more than one sampling site per river or tributary and pooled the data together to present the characteristics for each river or tributary.
Lake Loskop is a man made lake with a maximam depth of 44 meter in the lacustine zone and a minimum depth of 2 meters in the riverine zone. The lake has an area of 2,427 ha and a volume of 374.3 m 3 at full supply capacity. It is the biggest storage unit in the upper Olifants River catchment with 90% of its water been used for extensive irrigation by the Loskop Irrigation Board, the second largest irrigation scheme in South Africa. Five sites were selected at Lake Loskop from the inflow of the Olifants River to the dam wall to represent a spaciotemporal flow gradient across the lake. These sites were sampled on a monthly basis for four years (2008) (2009) (2010) (2011) .
The development of the river phosphorous sensitivity index (RPSI)
To determine the sensi tivi ty of these rivers or streams to ri sing P l oads we m odi f i e d th e ri v e r cl as si f i ca ti on sy s tem d e v el op e d b y N e w ton & J a r el l ( 1 9 9 9 ) a n d McDowell et al. (2004) . The latter is strongly based on river hydrogeomorphology and hydrology which is in relationship with South African river conditions and characteristics (Rowntree & Wadeson, 1999 , Oberholster, 2011a . In the modified index, we included biotic indicators, such as benthic and planktonic algae based on data of previous findings of three South African river systems which includes the Olifants River (Oberholster 2011a) (Fig 2) . According to the study by Oberholster (2011a) frequent floods in the raining season truncate filamentous green algal successional sequence and thereby favouring either tightly attached, resistant forms or those recolonization and growth rates high enough to accumulate biomass between flood periods in the Olifant's River. The study also showed that certain filamentous green algal species was indicators of land use activities and can therefore be used as indicators of pollution during medium and high river flow regimes.In the modified river classification system, algae were selected as bioindicators as they have a short regeneration time and life cycle, allowing the community to respond more quickly to anthropogenic influences like fluctuating phosphorus loads (Cabecinha et al. 2009 ) than macroinvertebrates. In the developed RPSI we differentiated between turbidity caused by no light penetration of the water column due to increases in planktonic algae and suspended sediment particles in low order streams using data from Koning & Roos (1999) and trophic state categories of Kalff (2002) (Fig 2) . Major land use practices as contributors of P loads in the upper Olifants
River were identified using a 1: 50 000 map of the area in order to link land uses to best management practices. We identified 8 types of rivers or streams in the Upper Olifants catchment which is summarized in table 1. Periphyton light limited due to turbidity caused by planktonic algae biomass in the water column. Although these streams is ≤3 order streams, the resident time is long enough in winter and early summer months during low flows to form water column algae blooms. Bottom substrates consist of sand and mud.
Best management practises:
Decrease P inputs and monitor P, since saturation of sediments eventually can lead to P releases in the water column causing planktonic algal blooms.
Land use contributors to P loads Direct input from point source e.g. waste water treatment plants may be important to increases in P loads.
Non planktonic algae dominant small stream
Benthic and planktonic algae light limited. Very low algae biomass. Algae limited due to high turbidity cause by silt or sediment particles.Resident time short. Bottom substrates consist of, sand and mud.
Best management practises:
Possible decrease in sediment siltation load, but trophic state may shift to a eutrophic state during low flow periods, once light limitation is removed. Riparian buffer zone protecting important to prevent river or stream bank erosion.
Land use contributors to P loads
Land clearing for coal mining and agriculture activities. Waste water treatment plants can be important.
Rooted macrophyte dominant small stream
Controlled by vascular plants and macrophytes, which can get sufficient P from sediment and mud. Resident time and light penetration in water column insufficient for algae growth due to suspended sediment particles in water column.
Best management practises:
Most important is to decrease siltation. A increase in light penetration may cause macrophytes to become colonised by epiphytes. Efficient P uptake from water or mud by roots meant decrease in P. Siltation can prevent macrophyte growth Land use contributors to P loads: Coal mining activities and effluent of. waste water treatment plants
Periphyton dominant small stream
Respond quickly to changes in phosphorous load as little bottom sediment is present and the bottom substrate is dominated by bedrock/ boulders/ stones and gravel. Water column light penetration high.
Best management practises:
As filamentous algae obtain P directly from the river or stream water column due to the absence of bottom sand and mud, riparian buffer zones and seepage input may be important. Reduce flow velocities in winter and early summer months can favour enhanced nutrient retention with longer contact between stream water and bed rock substrate which can enhance filamentous green algae mat formation. Land use contributors to P loads: Land clearing for mining and agriculture activities.
Heterotrophic large stream
Characterized by high sediment siltation and therefore light limited. There exist little potential for eutrophication. The bottom substrate is dominated by sand and clay.
Best management practises
Possible decrease in sediment siltation load, but trophic state may shift to eutrophic states once light limitation is removed. Land use contributors to P loads Agriculture activities of which feedlots can be important in contribution to P loads.
Periphyton: diatom dominant large stream
Medium to high flow regime prevents macrophytes from establishing. The resident time insufficient for planktonic algae bloom formation or benthic filamentous green algae growth. Bottom substrates consist of a mixer of sand, mud and cobbles which is dominated by benthic diatoms.
Best management practises
Decreasing phosphorous concentrations in the water column, riparian buffer zones and seepage input may be important. These rivers are more susceptible to sustained phosphorous inputs through sediment uptake, giving it a greater self purification capacity. Land use contributors to P loads Point source from wastewater treatment plants and land clearing for agriculture activities.
Periphyton: filamentous green algae dominant large stream
Residence time of stream/ river is insufficient for planktonic algae growth in the water column but clear enough for filamentous green algae growth. Bottom substrates consist ofbedrock/ boulders.
Best management practises
As periphyton obtain P directly from the river or stream water column, due to the absence of sand or mud bottom substrate, management of riparian buffer zones and seepage input may be important. Reduce flow velocities in winter and early summer months can favour nutrient retention with longer contact between stream water and bed rock substrate which enhance filamentous green algae mat formation. Phosphorus self-cleaning capacity of these large rivers or streams is only temporary during low and medium flows when filamentous algae absorbed P from the water column. During high flows or floods, filamentous algae detached from bedrock ending up downstream in lakes or water bodies. Phosphorus from detached filamentous algae is set free in lake or water bodies when detached filamentous algae start to decompose. Land use contributors to P loads Land clearing for mining and agriculture activities but feedlots and wastewater treatment plants up stream can be important in contribution to P loads. 11. Large stream shifts between water column planktonic algae and periphyton dominance Sufficient resident time for planktonic algae growth which could shade out periphyton during winter and summer low flow periods. However, temperature increase and flood pulses can affect the dominance of filamentous green algae growth. Bottom substrate consist of bedrock/ boulders
If little soft sediment is present, then low internal supply of P is likely and decrease in P causes quick response from dominance of green filamentous algae to a diatom dominant system. Land use contributors to P loads Land clearing for mining and agriculture activities, feedlots and wastewater treatment plants 
Physic-chemical sample collection
The turbidity features of the different river sampling sites were measured in situ at the water surface using a Hach 2100P Turbidimeter (Loveland, USA). Hydrological data from the different sampling stations was obtained from the Department of Water Affairs through the use of permanent flow stations. In certain cases, such as small tributaries where permanent flow station data was not available, an alternative method (Gore 2006 ) was used to determine stream velocity.
Bottom substrate and canopy cover
The substratum type of the different rivers and streams (i.e. percentage of cobbles, pebbles, gravel, sand and silt) and substratum cover (i.e. macrophytes) as well as the canopy cover were determined visually according to Stevenson & Bahls (1999) .
Benthic algae sampling
Three river or stream habitats were sampled for benthic algae, namely: (1) the stone surfaces supporting the epilithon; (2) the sand surfaces supporting the episammon; (3) the silt surface supporting the epipelon. For sampling the epilithon, stones were collected from the submerged part (10-50 cm depth) of the river bank at each sampling site. The attached algae were removed by brushing an area of 5 cm 2 of each stone and the material was resuspended in 200 ml deionised water. An aliquot of 50 ml was fixed with formaldehyde at a final concentration of 4% (v/v) for microscopic examination to identify algal species. In the case of sand and silt samples containing benthic diatoms, the sediment was cleared of organic matter in a potassium dichromate and sulphuric acid solution and the cleared material was rinsed, diluted, and mounted in Pleurax medium for microscopic examination.
Planktonic algae sampling
A scoop bottle sampler (1 litre) was used in streams and rivers where planktonic algae were dominant in the water column. All algae were identified using a compound microscope at 1250 x magnification (Truter 1987; Wehr & Sheath 2003; Van Vuuren et al. 2006) . The samples were sedimented in an algae chamber and were analyzed under an inverted microscope at 1250 x magnification using the strip-count method (APHA 1992).
Observations from a Scanning Electron Microscope were carried out to identify doubtful taxa, mainly on centric diatoms. Algal abundance in the epilithon samples was evaluated by counting the presence of each species (as cells in a filament or equal number of individual cells). The Berger-Parker dominance index (Berger & Parker 1970 ) was used to measure the evenness or dominance of the algae at each sampling site. However for the river P sensitivity index (Table 1 ) the authors only distinguished between benthic and planktonic algae without mentioning species, e.g. benthic green filamentous algae or benthic diatoms and planktonic algae.
The development of the Lake Phosphorous sensitivity index (LPSI)
To determine the P sensitivity of the man-made Lake Loskop, we combined the inferred P threshold sensitivity model of Reynolds (2007) and the Araphidineae to Centrales (A/C) diatom ratios in surface sediment of 5 sampling sites of Lake Loskop (Stockner 1971) . TP, chlorophull a (chl-a) and Secchi disc variables used in the development of the LPSI were within the ranges suggested by Warmsley (1984) and Du Plessis et al. (1990) for the trophic classification of South African impoundments. According to Stockner & Benson (1967) the A/C ratio in surface sediment from deepwater cores is a sensitive indicator of lake trophic state. In the LPSI we used a weight of evidence type approach, with a single cumulative value out of 17 points. The scoring categories used for this modified index were Oligotrophic ≥ 6; availability and the extent of shallow lake sediments that are likely to exchange P. The lower the assigned score, the more likely that the lake will respond to reduction of phosphorus loads from the upper catchment. In the modified lake index we also incorporated Secchi disc data as a measure of light penetration which was excluded from the Reynolds (2007) method. To standardise values for trophic state in relation to Secchi disc depth we made use of data from previous studies of different freshwater man-made lakes in other countries and South Africa, as well as data collected over the past four years from Lake Loskop (Gieskes 1960; Butty et al. 1980; Breen 1983; Chutter 1989; Truter 1987; Zohary & Breen 1989; DU Plessis et al. 1990; Kalff 2002; Hart 2006; Das et al. 2009; Oberholster et al. 2007; 2011b) ( Table 3 ). In the Stockner & Benson (1967) method the A/C ratio is based principally on the major shift in planktonic diatoms from an initial dominance by centrales (C) towards an increasing abundance of araphidinate diatoms (A). The latter as well as Reynolds (2007) threshold model and Secchi disc values were incorporated in the developed LPSI.
Diatom A/C ratio
According to Bellinger and Sigee (2010) the ratio of araphid pinnate/centric diatoms provides a good example of the successful use of a broad taxonomic index in a particular lake situation. Bellinger and Sigee (2010) also indicated that analysis of indicator diatoms within sediment cores has been particular useful in monitoring water quality and setting targets for specific restoration processes. We selected the A/C ratio index as part of the LPSI for the following reasons (a) To verify the existing trophic states of the lake, that will be compared in the future with the lake's trophic states after nutrient reduction programmes and mitigation activities are set in place for phosphorus sensitivity streams and rivers in the upper Olifants River catchment; (b) Because very little is known about the limnological history of Lake Loskop, the only previous study was done in 1978 by Butty et al. (1980) ; (c) To determine algal assemblage over space and time. Due to our sampling intervals on a monthly basis, the possibility exists that phytoplankton community changes may occurred undetected, since Reynolds (1984) reported that disturbances at up to 10-day intervals can initiate a succession sequence in phytoplankton development. Therefore, sampling of the bottom sediment of Lake Loskop may capture changes in phytoplankton assemblage, not detected during our monthly sampling intervals; (c) The dominant planktonic diatom species observed in the water column of Lake Loskop was in association with the dominant species reported by Stockner (1971) in his A/C index. To determine the A/C diatom ratio's, diatoms in deepwater surface sediment of Lake Loskop were sampled with a grab sampler (10 cm depth) at the 5 sampling sites once a season over a period of four years to determine A/C ratios (Table 3 and 4, Fig 3) . All diatom identifications in the bottom sediment were made by using a compound microscope at 1250 x magnification to species level (Truter 1987; Van Vuuren et al. 2006; Wehr & Sheath, 2003) . All counts were based on numbers of cells observed and the individual data grouped into major planktonic groups A/C after clearing in acid persulfate. Community comparisons of all study sites in each sampling event were made according to Brower et al. (1990) .
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Chlorophyll a; chemical analyses and water column transparency
To determine chl -a and water chemistry of Lake Loskop, five integrated water samples at 5 sites were taken over a period of four years (n =36) from the top 2 m of the water column (epilimnion) using a 4 cm internal diameter weighted polyethylene hose (Fig 3) . All samples were stored in acid washed polyethylene bottles and kept cool in the dark during the two hour transfer from the field to the laboratory. On return to the laboratory the integrated water Concentrations of total nitrogen (TN) and total phosphorus (TP) were determined using the persulphate digestion technique. Nitrate concentrations were determined on an autoanalyzer with the cadmium reduction method, while SRP concentrations were determined by the ascorbic acid method (APHA, AWWA & WPCF 1992). Chlorophyll a (chl-a) was extracted from lyophilized Whatman GF filters using N,N-dimethylformamide for two hours at room temperature and measured spectrophotometrically at 647 nm and 664 nm according to Porra et al. (1989) . Secchi depth (light transparency of the euphotic zone) in Lake Loskop was measured at all five sampling sites with a 20 cm black and white Secchi disc. To distinguish between turbidity caused by planktonic algae and suspended sediment particles in ≤ 3 order streams, suspended chlorophyll was measured according to Porra et al. (1989) . This data were included in Table 4 . Table 4 : The mean physical, chemical and biological parameters of the different sampling sites at Lake Loskop over a period of 4 years before the data was incorporated into the lake index (Table 3) . Total lake sampling sites n = 5. 
Season
Data analysis
In this study all river, stream and Lake data generated over the different sampling periods were pool together and mean values were incorporated in to the developed RPSI and LPSI.
Results
Assessing river catchment phosphorous sensitivity using the RPSI All data generated over a period of 2 years are incorporated in the RPSI and presented in Table 2 . Based on these data the following selected streams (order ≤ 3) in the upper Olifants River catchment during high and low flow, were classified as highly sensitive to increased levels of P (Table 1 ; 2; description of river or stream no. 5). These streams were the WoesAlleen and Leeufontein streams (both tributaries of the Klein Olifants River) the Dwars-indie-weg stream (a tributary of the Olifants River) and the Steenkool stream (a tributary of the Wilge River). The average turbidity measured during different flow regimes of these small order streams was low (≤ 3 NTU) in comparison to less sensitive P streams in the upper Olifants River catchment (Table ) . The substrate of these P sensitive streams consisted mainly of bedrock. The algal assemblage of these streams was dominated by mats of filamentous green algae (Cladophora glomorata; average benthic chl-a > 78 mg m -2 ) attached to the bedrock.
Large rivers with stream orders greater than four that showed characteristics of eutrophication and phosphorus sensitivity included the Olifants River (site Oli 5), Klein
Olifants River below Lake Middelburg (site KOLI4Mix) and the Olifants River (site Fan 5) ( Table 1 ; 2; description of stream or river no. 9). Residence time of these large rivers was insufficient for planktonic algal growth in the water column but light transparency was clear enough (≤ 5 NTU) for periphyton growth. The bottom substrate of these river stretches was predominantly bedrock or boulders and was dominated by green filamentous algae (C glomorata) attached to the substrate. The average benthic chl-a values of these river stretches indicated eutrophic conditions according to Kalff (2002) Other sampling sites in the lower reaches of the Olifants River that showed a possible high sensitivity to increase in P loads were sites Fan 3 and Oli1 (Table 1 ; 2; description of stream or river no. 11). At these sites there was sufficient resident time for planktonic algae to shade out periphyton during the summer months. However, temperature (≥ 28˚C) and flood pulses also affected the periphyton attachment and growth, especially green filamentous algal mats (C. glomorata), causing large stream shifts between planktonic algae and periphyton at these sites. Rooted macrophytes dominated small streams, e.g. the Saalklap stream, the Vaalbank stream (a tributary of the Klein Olifants River) and the Klip stream (a tributary of the Olifants River)
were dominated by Phragmites australis reed beds. In the Klip stream, water weed (Isolepis fluitans) was also observed in small isolated patches (Table 1, The substrate of planktonic diatoms dominated small streams (e.g. the Koffie, Koring, Spook and Riet streams) consisted mainly of mud and fine sand. These small streams were not light limited due to canopy cover, but rather light limited due to turbidity caused by the flow regime (Table 1 , 2 river and stream order no. 2). The turbidity (> 20 NTU) prevented the dominance of macrophytes and benthic green filamentous algae in these streams. Although the residence time of these streams was less than seven days and their velocity greater than 10 cm s -1 , it was evident that the water column was dominated by low numbers of centric diatoms (251 cells l -1 ). Core samples of the bottom sediment of these streams showed that the benthic diatom Synedra ulna Kützing was the dominated species. The latter is a epiphytic diatom species that was possibly washed in from upstream (Taylor et al. 2007 ). Based on the results obtained, it was clear that the dominant diatom species sampled from the water column (Cyclotella meneghiniana Kützing and Melosira varians Agardh) were indicators of nutrient enrichment (Van Vuuren et al. 2006 ). However, due to the turbidity and low light penetration caused by the flow regime, as well as the substrate of these streams that consists of sand that act as a sink for phosphorus, the risk of increased P loads to these streams was m e d i u m . T h e s e o b s e r v a t i o n s i n ≤ 3 o r d e r s t r e a m s w e r e a l s o i n a g r e e m e n t w i t h o u r observations on large periphyton diatom dominated rivers with a stream velocity ≥ 10 cm s -1 .
The description of large and small streams, and their characteristics as well as their required mitigation for P loads (High, medium or low sensitivity for increases in P loads) are set out in Tables 1 and 2 that also outlines best management practices for P loads of these streams.
Assessing the phosphorous sensitivity of Lake Loskop using the LPSI Substantial data sets were collected over a period of four years to classify Lake Loskop into one of the five trophic classes set out in the LPSI (Table 4 ). All data generated over the 4 year sampling periods of the 5 sampling sites were pooled together and presented in Table 4 .
These data were incorporated into the LPSI to determine the trophic status and sensitivity to increase in P loads of Lake Loskop (Table 5) . the lake (. It was evident from the LPSI category scores (between 7-1) that Lake Loskop was on the boarder of meso-eutrophic and Table 5 The actual index score which includes data of the different sampling sites in Lake Loskop sampled over a period of 4 years. will still possibly respond to decreases in P loads from the upper catchment (Table 5) (Table 4) .
Discussion
Rivers and stream substrate and responses to phosphorus loads
In the upper Olifants River catchment very few streams were dominated by rooted macrophytes. On the basis of Grime's model, Biggs (1996) predicted that no macrophytes would grow in rivers with a high frequency of flood flows, unstable bed sediments and high interspaced water velocities as observed at most sites in the Olifants River. However, a decl i ne i n water v el oci ty duri n g l ow f l ows i n wi n ter an d earl y summ er can cause th e dominance of periphyton followed by macrophytes in most stable conditions as in the case of the low order rooted macrophyte-dominated (Phragmites australis) streams (e.g. the Saalklap stream and Vaalbank stream, a tributary of the Small Olifants River). According to Carignam (1982) , the percentage of P taken up by macrophyte roots in comparison to the whole plant differs substantially. His study indicated that 27% of the P was driven from the sediment while 72% of total uptake was from the roots, which make streams dominated by rooted macrophytes less sensitive for rapid P increases as also indicated by McDowell et al. (2004) .
Periphyton was included in the RPSI, since it is an important component of the aquatic system of low-order streams in the upper Olifants River catchment (; Oberholster 2011a). In the upper Olifants River catchment benthic algae were mostly dependent on frequent changes in discharge and the intervals between the last flood events. Stone or bedrock attached filamentous algae such as C. glomorata, which can only access nutrients from the water column were good indicators for P sensitive river sections. This filamentous green algal species was dominant at most sampling sites that were characterized in the index as highly sensitive for increases in P loads. Conversely, periphyton such as benthic diatoms, which are able to access nutrients from both the sediment and the water column, were good indicators for medium P sensitivity for increased P loads (Caput et al., 2005) . These medium P sensitivity river and stream stretches in the upper Olifants River catchment had also predominant sand and mud substrates and average flow velocity of ≥ 10 cm s -1 . From our study it was evident that three of the key factors when determining the P-sensitivity of a river or stream in the upper Olifants River system were the difference in bottom substrate in relationship with benthic algal biomass and the flow regime. This corresponds with previous studies by Bothwell (1989) and Kjeldsen (1994) who found that peak benthic algal biomass on fine grained sediment from 12 stream reaches correlated positively with stream water P concentrations.
Reduced river flow velocities favour enhanced nutrient retention as a result of greater water retention times within a river reach (Withers & Jarvie 2008) . This longer contact times between stream water and the bottom substrates cause higher rates of periphyton growth and therefore biological P uptake as in the case of sampling sites Oli5 and Fan 5. Nutrient concentrations e.g. total water column P concentrations was not included as a chemical parameter in the RPSI as in the case of Newton & Jarell (1999) and McDowell et al. (2004) .
Moreover, Lakshminarayana (1965) showed in his study that measured water column nutrient concentrations in rivers can decrease with increases of phytoplankton density, giving a lower measured value of the actual original concentrations of nutrients in the water column as chemical indicator. Therefore, at higher phytoplankton densities, phytoplankton could have sequestered nutrients and decreased nutrient concentrations as they settled or were transported downstream. From the data generated in our study, it was evident that the inclusion of benthic and water column algae as bioindicators in conjunction with other river characteristics (e.g. resident time and bottom sediment) can be a useful tool to assess for river or stream stretches that are sensitive to increased P loads. It was evident from our study that the benthic chl-a mg m -2 and suspended chl-a in µg l -1 were in relationship with the low, medium and high sensitivity to increases in phosphorus loads of rivers and streams in the upper Olifants catchment.
Lakes sensitivity to increase in phosphorus loads
Once a lake become eutrophic, it is very difficult to restore it to its original form by simply decreasing external phosphorus inputs in its watershed. However, the LPSI developed showed that Lake Loskop score of 10 still falls within border of the meso-eutrophic states range. Carpenter et al. (1999) classified eutrophic lakes with respect to their responses to P sensitivity as follows: (a) responsive (recovery is immediate and proportional to the reduction in P input); (b) hysteretic (recovery requires extreme reductions in P inputs for a long period of time); (c) irreversible (recovery cannot be accomplished by reducing P inputs alone).
Previous studies have shown that with regard to lake eutrophication control measures as a general rule, deep lakes that stratify permanently throughout the summer season, typically respond rapidly to reductions in nutrient loads, whereas in the case of shallow lakes it can take up to decades to recover (Hilton et al. 2006 ). According to the LPSI, Lake Loskop had only 9 % of the bottom sediment covered with a water depth less than 5 meters making the lake less vulnerable to whole lake wind mixing. However, Hilton et al (2006) showed in their study that the internal cycling of phosphates from the bottom sediment into the lake water column plays a key role in limiting recovery.
There is many documented studies where lakes have responded positively to nutrient load reductions (Marsden 1989; Jeppesen et al. 2005 ). Analyses of 35 case studies of American and European lakes based on extended time-series data revealed that although internal P loading does delay recovery, new equilibriums with respect to TP were reached in most lakes after ≤ 10-15 years. This time frame was marginally dependent on lake retention time and depth (Jeppesen et al. 2005) . However, positive effects may not always occur after nutrient input reduction. According to Sas (1989) and Marsden (1989) , several lakes have been resistant to loading reductions of TP and were slow to recover. This resistance can be due to high P concentrations released from the bottom sediment. Jeppesen et al. (2000) and Sas (1989) indicated from their studies that freshwater lakes will not respond to reduction of P unless it is below 0.05-0.1 mg P l -1 for shallow lakes and 0.02-0.03 mg P l -1 in the case of deep lakes. The latter ranges of 0.02-0.03 mg P l -1 falls within the ranges measured for Lake Loskop. Although a wide variety of techniques have been developed for the purpose of lake restoration they are still complex ecosystems with unique interrelationships between physical, chemical and biological properties.
Despite the large amount of work that has been carried out on eutrophication in (Hart 2006) . From our Secchi disc data (± 8 months of the year a Secchi disc reading of ≥ 2 meters) and suspended chl-a analyses it was evident that light penetration in the water column of Lake Loskop was governed by planktonic algae biomass rather than high concentrations of suspended silts and clays.
According to Bellinger and Sigee (2010) diatoms within lake sediment have been particularly useful bioindicators, since continuous sedimentation of phytoplankton from the surface water of lakes leads to the build-up of sediment, with the accumulation of both planktonic and benthic phytoplankton. The ratio of Araphidineae to Centrales (A/C) calculated from deepwater sediment counts of Lake Loskop as well as the dominant diatom species appears to be in agreement with previous studies of the meso-eutrophic Lake Washington (USA) and Windermere (UK). In Lakes Washington and Windermere the Araphidineae group (Asterionella formosa followed by Fragilaria crotonensis) increased markedly after human watershed disturbance and sewage discharge whereas centrale diatoms diminished to the point of rarity (Stockner 1971) . In a more recent study conducted by Carney et al. (1994) , it was showed that A/C diatom ratio's paralleled contemporary indicators of the trophic transition in Lake Tahoe in the United States. The latter also indicated an decrease in Secchi depth and a increase in NO 3 .
Conclusion
It was evident from the study that although Lake Loskop was nearing the P threshold to become eutrophic the best strategy for improving its trophic status is the drastic reduction in external nutrient inputs from the upper catchment. The study also showed that Lake Loskop will probably respond to reduction of P loads if best management practices are applied to reduce P loads of P sensitive river stretches. Rivers and streams in the upper Olifants River catchment that were particularly sensitive to increases in phosphors loads and that required mitigation of P loads were streams consisting of approximately 90% cobbles or bedrock. The increase in P loads in these streams stimulates the productivity and growth of benthic algae (commonly called periphyton). Restriction of light penetration into the water column by high concentrations of inorganic suspended solids limits the growth of both benthic and planktonic algae in certain stretches of the studied streams and rivers making them less P sensitive. From the study it was evident that the inclusion of benthic and water column algae as bioindicators in conjunction with river characteristics can be a useful tool to identify stretches of rivers or streams as candidates for P mitigation measures.
